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Introduction
Metallated alkoxyallenes have been widely used as building blocks for the synthesis of functionalized heterocycles. [1] Their formation by deprotonation of readily available alkoxyallenes using n-butyllithium or other bases [2] followed by reaction with electrophiles provides primary adducts that are transformed into subsequent products. Carbonyl compounds afford intermediates such as allenyl alkoxide 1, (Scheme 1) which can cyclize to afford dihydrofurans 3. Anionic alkoxide-allene cyclizations have now been investigated, [3] for which two different pathways have previously been proposed: (A) the direct intramolecular attack of the alkoxide oxygen 1 on the terminus of the allene, would appear to be disfavored by Baldwin's rules.
[4] However, despite a vast amount of validation of these rules over recent decades, cyclic transition states involving allenes have been relatively unstudied. [4, 5] (B) The other longstanding mechanistic proposal, put forward by Magnus et al., would involve an electron transfer from the dimsyl anion to the allene unit of 4, to afford allene radical anion 5 and dimsyl radical 6. This is followed by hydrogen abstraction from the hydroxyl group to re-form DMSO and a diradical-anion 7. Radical recombination would then lead to cyclization to afford the anion 2 that is finally protonated to provide dihydrofuran 3.
[3c] Anionic cyclizations of related allenyl amines to form 2,5-dihydropyrroles have also been investigated, employing the same synthetic strategy as for the synthesis of 2,5-dihydrofurans.
[6] We now report the energies involved in such cyclizations of alkoxide-allenes and amide-allenes via an anionic process, by computationally modelling these cyclizations.
Computational Details
Density Functional Theory was used for the geometry optimisations of all reactants, transition states, intermediates and products. The final optimised geometries were characterised as minima or transition states by performing frequency calculations, which also enabled calculation of the zero-point energies (ZPE), enthalpies (H), entropies (S) and Gibbs free energies (G) at 298K. Geometry optimisations and frequency calculations were performed using the Gaussian 09 software package, [7] using the M06-2X functional [8] and 6-31++G(d,p) basis set. [9] Implicit solvation was modelled using the Conductor-Like Polarizable Continuum Model (CPCM) with the associated parameters of DMSO or THF as the solvent. [10] Scheme 1. Cyclization of alkoxide 1 to dihydrofuran 3 via anionic (A) and electron transfer (B) processes.
Results and Discussion
Our attention first focused on the cyclization of potassium alkoxide-allenes into 2,5-dihydrofurans in DMSO. The possibility of an electron transfer process from the dimsyl anion to model allene 8 was investigated utilising Marcus Theory, specifically using the Nelsen 4 point method (Scheme 2). [11] kcal/mol) is too high for this reaction to be feasible. In addition, the reaction is significantly endergonic (52.2 kcal/mol). Even higher energies were found when the potassium cation was included in the optimization by using the dimsyl potassium salt 10 as an electron donor.
Scheme 2. Electron transfer from dimsyl anion and from dimsyl potassium 10 to model allene 8 in DMSO as solvent.
The energy profiles for the 5-endo-trig cyclizations of several alkoxide-allenes were optimized and the influence of the R 1 and R 2 groups was investigated. (Schemes 3 and 4, Figure 1 ).
Scheme 3. Structures optimized for the cyclization of potassium alkoxideallenes to dihydrofuran derivatives.
Several potassium alkoxide-allenes were chosen, including the case where R 1 and R 2 are part of a cyclohexane ring (species 11); the energies of the optimized structures are represented in Figure 1 . Optimization of the cyclization of anion 11, derived by deprotonation of 8, showed that the reaction energy barrier was achievable (ΔG* = 27.5 kcal/mol), considering that these cyclizations usually occur upon heating.
[3] The reaction was endergonic (ΔGrel = 7.9 kcal/mol). Our calculations showed that the presence of the methoxy group led to a complexation to the potassium cation during optimization of the transition state and the cyclized product. This complexation between the oxygen of the methoxy group and the potassium was generally observed in our computational modelling; of course, complexation is also present in the starting materials e.g. 13 (Scheme 4). When the methoxy group was replaced by a methyl group, similar Gibbs free energies were observed. The energies required for cyclizations of a range of potassium alkoxide-allenes are of the same order of magnitude (Scheme 4). Increasing the size of R 1 and R 2 tends to decrease the energy barrier of the cyclization consistent with a ThorpeIngold effect, 12 where both the angle  in the educt and  in the TS are compressed (Figure 1 and Scheme 4).
Scheme 4. Activation and relative free energies for the cyclization of potassium alkoxide-allenes (energies reported in kcal/mol).
An alternative cyclization could happen via a 4-exo-dig pathway. Such a cyclization was optimized from alkoxide allene 11 resulting in ΔG* = 26.9 kcal/mol and ΔGrel = 16.5 kcal/mol for product 21 (Scheme 5). These values show that the 4-exo-dig and the 5-endo-trig cyclization have similar T.S. energies, but they differ in the product stability. The formation of a strained four-membered ring is thermodynamically less favored compared to that of the five-membered ring, which is in accordance with the experimentally observed 5-endo-trig cyclization (cf. Figure 1 and Scheme 5). Moving to the anionic cyclization of amide-allenes, the calculations were also made using potassium as a countercation and by modelling DMSO as solvent (Scheme 6). For Two different cases quickly appeared: the energy barrier of the cyclization was 15.628.4 kcal/mol, but the relative energies of products versus starting materials were quite different, depending on whether electron-donating or electron-attracting N-substituents were present. The cyclizations were exergonic when an electron-donating alkyl substituent was present on the nitrogen atom; in contrast, the presence of an electronwithdrawing N-substituent stabilized the initial amide anion as expected, leading to an endergonic reaction ( Figure 2 , Table 1 ). The difference from the cyclization of potassium alkoxide-allene is clear, as the nucleophilicity of the nitrogen can be easily modified by the electronic effect of its substituent. The possibility of a 4-exo-dig cyclization was also investigated for 26 (leading to 32 as in Scheme 7) but, as observed with alkoxide allene 11, the reaction (ΔG* = 11.1 kcal/mol and ΔGrel = 11.2 kcal/mol,) would be thermodynamically less favorable than the 5-endo-trig process (Figure 2 ). Although the barrier is lower, the relative energy of the 4-exo-dig cyclization does not lead to as stabilized a product as the 5-endo-trig cyclization. The energy profiles of the 5-endo-trig cyclizations of amide allenes were also investigated as lithium salts in THF as solvent (Scheme 8, Table 2 ). For this paper, we treat the salts as monomeric. With both the potassium and lithium salts discussed here, we recognise that aggregation in solution may be important.
13
While the energies remain experimentally achievable, these cyclizations are more energy demanding than the cyclizations of the corresponding potassium salts in DMSO. The overall trend is clear and goes parallel to the observed experimental facts:
[1f] the reactions are exergonic with electronicdonating N-substituents, whereas they are moderately endergonic with electron-withdrawing substituents. [a] Energies reported in kcal/mol.
An electron transfer from the dimsyl anion to amine 43 was also optimized and showed once again that this electron transfer is very unlikely to happen (ΔG* = 61.5 kcal/mol and ΔGrel = 60.1 kcal/mol, Scheme 9). The optimization of the electron transfer reaction with potassium salt 10 as electron donor was also made and here again, the energies involved would be too high to be experimentally achievable (ΔG* = 70.8 kcal/mol and ΔGrel = 64.9 kcal/mol). Overall, the obtained calculated data fit very well to the experimental observations. The reactions with higher calculated barriers proceed only slowly at higher temperatures, whereas the cyclizations with lower barriers occur under milder conditions (in part even in THF and with lithium as counter-ion). The barrier heights are affected by the degree of stabilisation of charge in the starting alkoxides or amides. In summary, the cyclizations of alkoxide-allenes and amideallenes via an anionic process have been shown to be a feasible process, as the energies required can easily be achieved experimentally by heating the components. Products derived from 5-endo-trig cyclization are observed, rather than those from a 4-exo-dig pathway. The possibility for an electron transfer process to be the first step of the cyclization of these allenes is ruled out as having too unfavorable an activation energy.
14 Scheme 10 Anionic cyclizations of allenes 45 to the carbanions 46.
Experimental Section
All optimized structure coordinates are reported in the supporting information
